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BACKGROUND: Chronic exposure to inorganic arsenic (iAs) is a significant public health problem. Methylation of iAs by arsenic methyltransferase
(AS3MT) controls iAs detoxification and modifies risks of iAs-induced diseases. Mechanisms underlying these diseases have been extensively studied
using animal models. However, substantive differences between humans and laboratory animals in efficiency of iAs methylation have hindered the
translational potential of the laboratory studies.

OBJECTIVES: The goal of this study was to determine whether humanization of the As3mt gene confers a human-like pattern of iAs metabolism in mice.

METHODS: We generated a mouse strain in which the As3mt gene along with the adjacent Borcs7 gene was humanized by syntenic replacement. We
compared expression of the mouse As3mt and the human AS3MT and the rate and pattern of iAs metabolism in the wild-type and humanized mice.

REsuLTS: AS3MT expression in mouse tissues closely modeled that of human and differed substantially from expression of As3mt. Detoxification of
iAs was much less efficient in the humanized mice than in wild-type mice. Profiles for iAs and its methylated metabolites in tissues and excreta of the
humanized mice were consistent with those reported in humans. Notably, the humanized mice expressed both the full-length AS3MT that catalyzes
iAs methylation and the human-specific AS3MT%%# splicing variant that has been linked to schizophrenia.

ConcLusIONs: These results suggest that AS3MT is the primary genetic locus responsible for the unique pattern of iAs metabolism in humans. Thus,
the humanized mouse strain can be used to study the role of iAs methylation in the pathogenesis of iAs-induced diseases, as well as to evaluate the

role of AS3MT®% in schizophrenia. https://doi.org/10.1289/EHP6943

Introduction

Inorganic arsenic (iAs) is the chemical form of As commonly
found in drinking water (ATSDR 2007) and in some foods
(Cubadda et al. 2017). Chronic exposure to iAs has been associated
with risk of skin, bladder, lung, and liver cancers (IARC 2004), as
well as with other diseases (Naujokas et al. 2013), including diabe-
tes (Maull et al. 2012), cardiovascular (Abhyankar et al. 2012;
Moon et al. 2012; Saquib et al. 2012; States et al. 2009), respiratory
(Sanchez et al. 2016), and neurological diseases (Caito and
Aschner 2015; Parvez et al. 2011). Humans and most other mam-
malian species have developed a mechanism for detoxifying iAs
that involves the sequential conversion of iAs to monomethyl-As
(MAs) and MAs to dimethyl-As (DMAs) (Thomas et al. 2007).
Both methylation steps are catalyzed by orthologs of a single
enzyme, arsenic (43 oxidation state) methyltransferase (AS3MT)
(Lin et al. 2002). The methylation of iAs by AS3MT not only
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promotes whole-body clearance of As (Drobna et al. 2009; Hughes
et al. 2010) but also produces methylated intermediates that con-
tain highly reactive and toxic trivalent As (As™) (Watanabe and
Hirano 2013). MAs™ and DMAs™, unlike their pentavalent coun-
terparts (MAs"and DMAs"), exceed iAs in potency as cytotoxins,
genotoxins, and enzyme inhibitors (Thomas et al. 2001). Hence,
MAs™! and DMAs™ may be critical determinants of toxic and car-
cinogenic effects associated with chronic exposure to iAs. Altered
capacity to methylate iAs has been linked to an increased risk of
diseases associated with iAs exposure (Ahsan et al. 2007; Pierce
etal.2013; Vahter 2000).

In most mammals the gene encoding AS3MT is present as
a single copy ~4kb from the gene encoding BLOC-1 Related
Complex Subunit 7 (BORCS7). To date the methylation of iAs is
the only known function of AS3MT; however, recent studies have
identified the AS3MT/BORCS?7 locus as conferring risk for schizo-
phrenia (Duarte et al. 2016). Compared with healthy individuals,
expression of BORCS7 and of the human-specific splicing variant
of AS3MT (AS3MT %) has been found to be consistently higher in
the brains of patients with schizophrenia (Li et al. 2016). Notably,
expression levels of AS3MT and BORCS7 were found to be weakly
correlated (Li et al. 2016), suggesting that the two genes may share
transcriptional regulatory elements. Although published data
showed that iAs exposure can affect As3mt expression in mice
(Styblo et al. 2019), the role of iAs exposure in the expression of
BORCS7 or AS3MT%#  which is thought to lack iAs methylation
activity, has never been studied.

Laboratory studies of the mechanistic basis of iAs-associated
diseases have been hindered by substantial differences between lab-
oratory animals and humans in their capacity to metabolize and
detoxify iAs. Rats, unlike humans, sequester significant portions of
ingested iAs in erythrocytes in the form of DMAs™ (Lu et al. 2007).
Mice, the species most commonly used in mechanistic studies, differ
from humans, displaying very high rates of As methylation. This
species difference is associated with faster rates of urinary clearance
of methylated metabolites and the predominance of DMAs as the
main urinary metabolite of iAs in mice (Vahter 1999). Interspecies
differences in As metabolism may contribute to difficulties
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encountered replicating some of the effects of iAs exposure reported
in humans, including the carcinogenic effects, in laboratory mice.
Thus, producing an iAs methylation phenotype in mice that resem-
bles the phenotype found in humans could create a better animal
model to study the role of iAs metabolism in adverse health effects
of chronic iAs exposure. To generate such a model, we have human-
ized the entire Borcs7/As3mt locus in 12956 mice by syntenic
replacement. In this process, the segment of mouse DNA carrying
these two genes was removed and replaced with the syntenic region
of human DNA in mouse embryonic stem (ES) cells using homolo-
gous recombination. This ensured that the junctions between the
human and mouse DNA are known to the base pair level. Mice were
generated from the ES cells, with the expectation that they would
express the human AS3MT and BORCS7 proteins.

The present study describes in detail the creation of the
humanized mouse strain, expression of human AS3MT and
BORCS7 in tissues of the humanized mice, and metabolism of
iAs in these mice after a single dose and during a subchronic ex-
posure to iAs in drinking water.

Methods

Rationale for Humanizing the Borcs7/As3mt Locus

We chose to excise the 61-kb segment of mouse DNA carrying the
As3mt and Borc7 genes and replaced it with the corresponding
59-kb segment of human DNA. The 5" promoter of AS3MT abuts
the 3’ untranslated region of BORC7, and the weak correlation in
the expression pattern of the genes suggests possible shared tran-
scriptional regulatory elements (Li et al. 2016). In addition, the cur-
rent human transcript databases, for example, the University of
California Santa Cruz Genome Browser (UCSC 2013) lists a puta-
tive read-through BORCS7/AS3MT transcript lacking the final
exon of BORCS7 and the initial exon of AS3MT. This suggests the
possibility that at least some AS3MT activity may be linked to tran-
scription driven by the BORCS7 promoter. Thus, the inclusion of
Bores7 in the humanized region increases the likelihood that the
elements directing the tissue species differences in the expression
of AS3MT are included in the humanized region.

Assembly of Borcs7/As3mt Displacer

The Borcs7/As3mt displacer construct was assembled using a
standard recombineering approach (Figure 1). The mouse arms of
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homology were derived from the 129s7/AB2.2 bMQ BAC library
(Source BioScience plc, Nottingham, UK). The short homology
arm was derived from BAC bMQ455L14 and the long arm of
homology from BAC bMQ345L20. The segment of human
genomic DNA containing the BORCS7 and AS3MT loci was
derived from the human tile path BAC RP11-753C18 (BACPAC
Resources Center, Children’s Hospital Oakland Research Institute,
Oakland, CA). The single nucleotide polymorphisms (SNPs) pre-
viously associated with interindividual differences in iAs metabo-
lism (Apata et al. 2017) or schizophrenia risk (Li et al. 2016),
which were included in the this BORCS7/AS3MT segment, are
described in Table S1. A DNA segment (60,908 bp) extending
from chr19:46,683,032 to 46,744,011 were deleted from the mouse
genome and replaced with a 59,261-bp segment of human DNA
extending from chr10:102,845,563 to 102,904,823. The haplotype
of the AS3MT gene carried in the displacer construct is “1A (Wood
et al. 2006). The resistance marker gene used for selection of ES
cells in which the displacer construct underwent genomic integra-
tion consisted of a phosphoglycerate kinase (PGK)-neo cassette
flanked by mutant loxP sites. The marker gene can be excised, leav-
ing only a nonfunctional lox site in its place.

All polymerase chain reactions (PCRs) carried out during the
displacer assembly used Taq polymerase (Bio Basic), with an ini-
tial denaturation temperature of 98°C for 20 s followed by 20
cycles of denaturation for 15 s at 96°C, annealing for 30 s at a
55°C, and extension at 72°C with an extension time of 1 min per
1,000 bp of product length. All Red/ET recombination reactions
were carried out using a commercially available kit (Gene Bridges;
Cat. no. K0O1). All predesigned primers used during the construc-
tion of the displacer vector, were from Sigma-Aldrich and are
listed in Table S2. In descriptions of specific assays, each of these
primers is listed by the corresponding number (#).

As stated above, the short arm of the displacer construct was
derived from the bMQ455L15 BAC library. This was accom-
plished by first replacing the Borcs7/As3mt region of the BAC with
an ampicillin resistance marker by Red/ET recombination. The
ampicillin resistance marker was amplified from the pBlueScript
II SK (+) cloning vector (Stratagene; primers #215334 and
#215335). The homology arms, referred to as the Red arm (primers
#215319 and #215320) and the D/S arm (primers #215331 and
#215333), respectively, were generated by PCR amplification of
segments of the bMQ455L15 BAC. The homology arms were
fused to the ampicillin resistance gene by overlap PCR.
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Figure 1. Scheme for humanization of the mouse Borcs7/As3mt locus: (A) Human BORCS7/AS3MT locus showing the relative positions of the BORCS7 and
AS3MT genes, as well as the closest flanking genes. (B) Mouse Borcs7/As3mt locus with flanking genes. (C) Schematic of the Borcs7/As3mt displacer con-
struct. (D) Humanized locus prior to Cre-mediated marker excision. (The names of human genes are capitalized.)
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The displacer short arm, together with the inserted ampicillin
gene, was subcloned from the modified bMQ455L.15 BAC into a
plasmid vector by Red/ET recombination. The plasmid vector
was prepared by ligation of four PCR products. The vector back-
bone carrying a ColE1 origin of replication and a spectinomycin
gene was derived by amplification of the pFloxxerX plasmid pre-
viously assembled in Koller’s laboratory (see Table S3) (primers
#215323 and #215324). The bMQ455L15 BAC was used as a
template for the other three PCRs: U/S arm (primers #215325
and #215326), short 5" arm (primers #21327 and #21328), and
D/S arm (primers #215330 and #215332). All PCR products
were gel purified on a 1.2% agarose gel using a commercially
available kit (Qiagen; Cat. no. 28115), digested with BbsI (NEB;
Cat. no. R3539S) and Mlul (NEB; Cat. no. R0O198S), and column
purified (Qiagen; Cat. no. 28104). Fifty nanograms of each PCR
product was combined and ligated (NEB; Cat. no. M0202S) in a
20-pL reaction for 1 h at 15°C. The ligation reaction was heat
inactivated at 65°C for 15 min, and then 4 pL of the reaction was
transformed into chemically competent E. coli DH5oF cells
(Zymo Research; Cat. no. T3002) according to the manufac-
turer’s directions and plated on Luria Broth agar plates supple-
mented with spectinomycin at 50 pg/mL. The resulting plasmid
vector was digested with Mlul and used for Red/ET recombina-
tion with the modified bMQ455L15 BAC. The resulting plasmid
was in turn digested with Bbsl to release the displacer short arm
and ampicillin resistance gene flanked by the U/S and D/S
homology arms. This Bbsl restriction fragment was introduced
into the bMQ345L.20 BAC by Red/Recombination to create a
BAC vector in which the ampicillin resistance marker was
flanked by the displacer arms of homology.

The segment of the human BORCS7/AS3MT locus included in
the displacer vector was prepared for excision from the RP11-
753C18 BAC in two steps. In the first step, a neomycin resistance
gene was inserted into the BAC upstream of the BORCS7 gene. To
accomplish this, the neo gene, flanked by mutant loxP sites was
ligated to homology arms, referred to as Black-Red and Purple,
respectively. The neomycin resistance gene was excised from the
vector pSHil-JT15-neoJTZ17-Sfil previously assembled in Koller’s
laboratory (see Table S4) by digestion with Sfil (NEB; Cat. no.
R0123S). The Black-Red homology arm was amplified (primers
#215317 and #215320) using the bMQ455L15 BAC as a template,
and the Purple homology arm was amplified (primers #215336 and
#215337) using the RP11-753C18 BAC as a template. All frag-
ments were gel purified as described above, and the Black-Red and
Purple homology arm PCRs were digested with Bgll (NEB; Cat.
no. RO143S) and then column purified as described above. The
loxP-flanked neomycin resistance gene was ligated to the homol-
ogy arms as described above in a 20-uL reaction containing a total
of 200 pg of DNA, with the three fragments at an equimolar ratio.
Two microliters of the ligation reaction was used for a Red/ET
reaction with the RP11-753C18 BAC. In the second step, an ampi-
cillin gene was inserted downstream of the AS3MT gene in the
RP11-753C18 BAC carrying the neomycin resistance marker. To
accomplish this, homology arms, referred to as Blue-Green and
Yellow, respectively, were added to the ampicillin resistance gene.
The bMQ455L14 BAC was used as the template for the Blue-
Green PCR (primers #215318, #215338) and pBluescript II SK (+)
was used as the template for the ampicillin-Yellow PCR (primers
#215339 and #56719). The two PCR products were gel purified
and then combined in an overlap PCR (primers #215318 and
#56719). The resulting PCR product was gel purified and 50 ng
was used for a Red/ET reaction, with the RP11-735C18 BAC car-
rying the neomycin resistance cassette.

Approximately 200ng of the modified RP11-753C18 BAC
was digested with Mlul in a 20-pL digest, and 2 pL of the digest
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was used to insert the human BORCS7/AS3MT segment and neo-
mycin resistance cassette by Red/ET recombination into the
bMQ354L.20 BAC carrying the short arm and ampicillin gene,
simultaneously displacing the ampicillin gene. This reaction
yielded the final BORCS7/AS3MT displacer vector, which was
digested with Notl to release the BAC backbone before transfec-
tion into ES cells.

Generation of Mouse ES Cells

The parental ES cell line (phnx43) used in these studies was gener-
ated as follows: Male and female 129S6/SvEvTac mice (Taconic
Bioscience) were mated. Females were checked every morning for
copulatory plugs, indicative of successful mating. Three days later,
females were euthanized by lethal carbon dioxide (CO,) exposure
followed by physical euthanasia, and the 3.5-d embryos (blasto-
cysts) were collected by flushing the uterus with CO,-independent
medium (Gibco; Cat. no. 18045-088) supplemented with 1% bo-
vine serum albumin (Sigma-Aldrich; Cat. no. A3675). Individual
embryos were collected from the lavage fluid with a pipette and
placed in 2-cm® wells that had been seeded 24 h earlier with
primary mouse embryo fibroblasts (MEFs; Gibco; Cat. no.
GSC-6005M). Blastocysts and MEFs were cultured in Gibco
KnockOut™ (KO) medium (Cat. no. 10829-018) supplemented
with ES-qualified 15% fetal bovine serum (FBS; Gibco; Cat. no.
10439024) and 2-mM L-glutamine (Gibco; Cat. no. 25030-081).
After 5-10 d in culture, when the inner cell mass of the embryos
reached ~3 mm in diameter, the embryos were removed and dis-
rupted with a pipette and placed in a new well seeded with MEFs.
This process of serial expansion of a single inner cell mass was
continued until a single inner cell mass was expanded to at least 10
colonies of cells. Cells were then further expanded by disruption
and exposure to 0.25% trypsin for 5 min at 37°C. After expansion
and cryopreservation in 10% dimethyl sulfoxide (Sigma-Aldrich;
Cat. no. D2660), a sample of the cell line was subjected to karyo-
type analysis in KaryoLogic Inc. (RTP, NC). The cell line used in
this study had a 40, XY (normal male mouse) karyotype.

Expression of Human BORCS7/AS3MT in Mouse ES Cells

Single-cell suspensions of the parental ES cell were prepared by
treatment with 0.25% trypsin as described above. In a volume of
0.5 mL, 2 x 10° cells were electroporated in the presence of 10 pig
of DNA. The apparatus used was a BTX Electro cell manipulator
600 with cuvette BTX 45-0125 (Cheshire Analytical). The settings
used were 270 V, 500 + 50 pF, R8 (3,600 ohms). After electropo-
ration, the cells were distributed onto seven 100-mm tissue culture
plates (Corning; Cat. no. 430167) in Gibco KO medium supple-
mented with 15% ES-qualified FBS (Gibco; Cat. no. 10439024)
and 2mM L-glutamine (Gibco; Cat. no. 25030-081). After 24 h,
selection was initiated with the addition of Geneticin™ (final con-
centration 0.2 mg/mL; Gibco; Cat. no. 10131-35). After 7 d, indi-
vidual neomycin resistant colonies became visible. Cells from
~ 100 colonies were pooled and used for RNA isolation to confirm
that the human genes were expressed (see details below). Once this
was established, individual colonies from the remaining plates
were transferred individually by pipette to a 96-cell plate. Each col-
ony was trypsinized, and a portion used for PCR analysis to iden-
tify those in which the DNA had integrated by homologous
recombination, as described below. The remaining cells were
allowed to grow, and cultures carrying a targeted allele, as deter-
mined by the assay detailed below, were transferred sequentially to
2-, 10, and 60-cm? tissue culture plates. At this point, some cells
were cryopreserved while a portion of each was used for karyotype
analysis and to confirm the expression of human AS3MT by Probe-
based droplet digital PCR (ddPCR), using commercially available
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primers (Applied Biosystems; Hs00960526). Here, a 20-pL reac-
tion mixture was pipetted into a DG8™ cartridge along with 70 pL.
of Droplet Generation Oil for Probes (Bio Rad) and loaded into the
QX200 Droplet Generator (Bio Rad) according to the manufac-
turer’s instructions. After droplet generation, the droplets were
transferred to an Eppendorf twin.tec” 96-well plate and placed in a
C100 Touch Thermal Cycler (Bio Rad), using the manufacturer’s
recommended cycling conditions. After cycling, the plate was read
in the QX200 Droplet Reader (Bio Rad) QuantaSoft™ software
(version 1864011).

A portion of each of the ES colonies ( ~ 100 cells) was disrupted
by incubation for 45 min at 55°C in lysis buffer consisting of Tris-
EDTA [10mM Trisma Base (Thermo Fisher Scientific; Cat. no.
BP152), 1 mM ethylenediaminetetraacetic acid (EDTA; Thermo
Fisher Scientific; Cat. no. 02-002-786), 10% vol/vol Triton™ X-100
(Millipore Sigma; Cat. no. 108643) and 10 mg/mL Proteinase K
(Roche; Cat. no. 03115879001)]. Lysates from all colonies were
screened for homologous recombination by PCR using primers
Screen F and #176268 (see Table S4) with GXL polymerase (Takara
Bio) according to the manufacturer’s suggested protocol. The PCR
program used was 98°C initial denaturation for 10 s, followed by 35
cycles with 10 s denaturation at 98°C, 15 s annealing at 57°C, 4 min
at 68°C, and a final 10-min extension at 68°C. PCR products were
analyzed by agarose gel electrophoresis (0.8% agarose; Bio Basic;
Cat. no. D0012), in 1 X Tris-acetate-EDTA running buffer. The size
of the PCR product was determined by comparison with 2-Log
Ladder (NEB; Cat. no. N3200L).

Twenty-seven clones with homologous recombination were
identified and were subjected to further analysis. Because of this
high recombination frequency, it was not necessary to use clus-
tered regularly interspaced short palindromic repeats and CRISPR-
associated protein (9CRISPR/cas9) to stimulate recombination
events. RNA was prepared from pools of the cells and examined
for the expression of the human genes. RNA was also prepared
from a number of the individual clones after expansion. Briefly,
cells were lysed directly in the culture dish and homogenized by
repeated pipetting. RNA was isolated using RNA Bee or STAT60
(Tel-Test) according to the manufacturer’s instructions. RNA yield
and quality were assessed using a NanoDrop 2000 (Thermo
Fisher). One to two micrograms total RNA was reverse transcribed
with the High Capacity Reverse Transcription Kit (Applied
Biosystems). Expression of the human AS3MT was examined by
qualitative PCR (qPCR) on a C100 Touch Thermal Cycler (Bio
Rad) using commercially available primers (Applied Biosystems;
Hs00960526).

Generation of Mice Expressing Human BORCS7/AS3MT

For injection into blastocysts, the ES cells carrying the human
BORCS7/AS3MT locus were again trypsinized to generate single-
cell suspensions. Collection of recipient blastocysts, blastocyst
injection, and transfer to pseudopregnant dams was carried out by
the UNC Chapel Hill Animal Models Core following procedures
described by Longenecker and Kulkarni (2009) and by Koller et al.
(1989). To maintain the mutation on the 129S6/SvEvTac back-
ground, the chimeric mice were bred to 129S6/SvEvTac mice
(Taconic Bioscience). The resulting F1 mice were identified
by Taq as wild-type (WT) homozygotes for the mouse As3mt/
Bores7locus (WT/WT), or heterozygous (WT/Hs) or homozygous
(Hs/Hs) for the human AS3MT/BORCS7 locus. The primers used
were common and endo for the endogenous locus and common and
displaced for the displaced locus (see Table S2). The PCR assays
were carried out using Taq polymerase (Bio Basic) with an initial
denaturation temperature of 98°C for 20 s followed by 35 cycles of
denaturation for 15 s at 96°C, annealing for 30 s at a 54°C, and
extension at 72°C for 30 s with a final extension of 1 min. The F2
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generation—consisting of Hs/Hs homozygotes, Hs/WT heterozy-
gotes, and WT/WT homozygotes—was produced by mating of F1
Hs/WT heterozygotes. The Hs/Hs, Hs/WT, and WT/WT offspring
from the F2 generation were housed together, one litter per cage
under controlled conditions with 12-h light/dark cycle at 22 + 1°C
and 50 + 10% relative humidity. The parental mice and mice in the
F1 and F2 generations were fed Purina LabDiet 5V5R and drank
deionized water ad libitum.

All procedures involving mice were approved by the
University of North Carolina Institutional Animal Care and Use
Committee.

Collection of Tissues for mRNA Expression Analysis

Tissues for mRNA expression analysis were collected from F2
Hs/WT mice, both males and females. Measurement of RNA
expression in Hs/WT mice, which were heterozygous for the
human and mouse gene, allowed direct comparison of expression
in the same tissue/RNA sample, minimizing the effects of physio-
logical variation between animals or quality of sample, which
could result in subtle differences in RNA quality and cDNA
formation.

Mice were euthanized by exposure to CO, followed by physi-
cal euthanasia. The following tissues were collected: whole brain,
parts of brain (cortices, pons, medulla, hippocampus, cerebellum,
pituitary), spinal cord, adrenals, liver, spleen, kidney, duodenum,
jejunum, colon, stomach, uterus, ovaries, testes, heart, and skin
(from back of neck). Neuronal and glial cells were also dissected.
Brain parts and spinal cord were collected from male mice at 24 d
of age. Neuronal cells were isolated from embryonic day 17 (E17)
embryos and glial cells from postnatal day 1 (P1) pups. All other
tissues were collected from 8- to 12-wk-old mice. Three mice were
used for each tissue. Blood was collected from lethally anesthe-
tized mice via cardiac puncture with an EDTA-coated syringe just
prior to thoracotomy. To isolate mononuclear cells from blood,
3 mL of whole blood were layered onto 3 mL of Histopaque™ 1083
(Sigma) and centrifuged at room temperature for 30 min with no
brakes at 400 X g. The upper layer was discarded and the interface
containing the mononuclear cells was transferred to a 15-mL coni-
cal tube. The cells were then washed twice with phosphate-
buffered saline and then lysed with RNA Bee.

Neuronal cell isolation and culture. Brains were harvested
from eight E17 embryos and placed in a petri dish containing
Hanks’s balanced salt solution (HBSS; Gibco). Meninges were
removed, cortices dissected, and placed in a new petri dish contain-
ing HBSS. Cortices were transferred to a 15-mL conical tube con-
taining 10 mL HBSS and centrifuged at 400 X g for 1 min at 4°C.
The tissue was digested with 5 mL TrypLE Express (Gibco; Cat.
no. 12605-010) and DNAse I (Roche; Cat. no. 10104159001) for
30 min at 37°C. The digested cortices were centrifuged at 400 X g
for 1 min at 4°C. The TrypLE + DNAse I was aspirated and the
cortices were washed for 2 min with 5 mL FBS to inactivate the
trypsin. The tissue was centrifuged again and resuspended in com-
plete Dulbecco’s Modified Eagle Medium (DMEM; Gibco) with
10% FBS (VWR), GlutaMax (Gibco) with penicillin/streptomycin
(Gibco), and 2-mercaptoethanol (Sigma). The cortices were titu-
rated 15 times with a 10-mL pipette and then 10 times with a
flamed-tip Pasteur pipette. The cells were then passed through a
100-pm cell strainer into a clean conical tube. Cells were then pel-
leted by centrifugation at 400 X g for 5 min. The cell pellet was
resuspended in 20 mL complete DMEM and plated in 100 mm cul-
ture dishes coated with 100 pg/mL poly p-lysine (Sigma); 5 x 10°
cells per dish. After 24 h, 1-uM cytosine B-p-arabinofuranoside
(Ara-C; Sigma; Cat. no. C6645) was added using a 50% media
change without exposing the cells to air. The cells were harvested
for RNA isolation on Day 7.
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Mixed glial cell culture. Brains were harvested from six P1
pups and placed in a dish containing HBSS. Meninges were
removed, cortices dissected, and placed in a conical tube contain-
ing cold DMEM. Cortices were centrifuged at 400 X g for 1 min at
4°C and media replaced with 500 pL. cold DMEM. The cortices
were titurated 10 times with a flamed-tip Pasteur pipette coated in
serum. The cells were then passed through a 100-um cell strainer
into a fresh conical tube. Cells were pelleted by centrifugation at
400 x g for 5 min. The cell pellet was resuspended in 30 mL com-
plete DMEM, and 10 mL of the suspension was plated on three
100-mm culture plates. The medium was changed 24 h later and
then daily. The cells were harvested for RNA on Day 7.

Isolation of adrenal cortex and medulla. To obtain samples
enriched for each of these two distinct functional regions of the
gland, the adrenal cortex was removed from medulla of male and
female adrenal gland by microdissection. Enrichment was quanti-
tated by qPCR analysis of genes known to be expressed in only
one of these two regions: Chgb in the medulla and Cyplibl in
the cortex (The Human Protein Atlas 2020), using Applied
Biosystem Taqman probes Mm00483287 and Mm01204952,
respectively. RNA was isolated from cells and tissues using the
method described for ES cells; however, the tissues were first ho-
mogenized in STAT60 in a desktop homogenizer (Fast-Prep 24;
MP Bio) using ceramic beads.

Analysis of AS3MT, AS3MT%%  BORCS7, As3mt, and
Borcs7 Expression in Collected Tissues and Cells

Both ddPCR and qPCR were used to detect and quantify AS3MT,
AS3MT®4 BORCS7, As3mt, and Borcs7 mRNA. The specific
method is indicated in each figure legend. ddPCR is minimally
influenced by differences in the efficiency of the mouse and human
primer sets (Quan et al. 2018) and therefore provides a means of
direct comparison of expression between the endogenous mouse
locus and the humanized locus. The distribution of the AS3SMT
transcript in the tissues was compared with AS3MT protein distri-
bution described by The Human Protein Atlas for the human tis-
sues. SYBR green qPCR was used to compare RNA expression in
whole brain, cortex, hippocampus, pituitary, cerebellum, pons, me-
dulla, spinal cord, glial cells, neurons, adrenals, ovaries, testes,
heart, kidney, liver, colon, jejunum, spleen, and blood. ddPCR was
used to assess RNA expression in ES cells, whole brain, liver, adre-
nals, spinal cord, ovaries, testes, spleen, and heart. For all assays,
1-2 pg total RNA was reverse transcribed with the High Capacity
Reverse Transcription Kit (Applied Biosystems).

For SYBR green qPCR, the relative expression of full-
length AS3MT, the d2d3 variant, and the BORCS7/AS3MT
fusion transcript were assessed on a QuantStudio6 Flex™ Real-
Time PCR System (Applied Biosystems). SYBR green reac-
tions were run using iTaq Universal SYBR Green Supermix
(Bio Rad), 300nM of each primer, and 2.5ng/puL of cDNA.
Primers used for quantification of AS3MT isoforms were d2d3-F
and d2d3-R for the d2d3 isoform and full-F and full-R for the
full-length isoform (see Table S2). For analysis of BORCS7/
AS3MT read-through transcripts expression in mouse tissues, 2 [Lg
RNA was reverse transcribed and SYBR green quantitative PCR
was run using primers 5'-GAACAGTCATCGGATCTACAGGA-3’
and 5-GAACAGTCATCGGATCTACAGGA-3' and iTaq SYBR
green Universal Supermix (BioRad).

For ddPCR, absolute concentration of As3mt, AS3MT, Borcs7,
and BORCS7 was acquired using the ddPCR Supermix for
Probes (no dUTP) (Bio Rad) and TagMan Gene Expression
Assays, As3mt (Mm00491075_m1), AS3MT (Hs00960526_g1),
Borcs7 (Mm01205060_m1), and BORCS7 (Hs00376014_m1),
all from Applied Biosystems. The ddPCR analysis was carried
out as described above.
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Evaluation of the Metabolism of a Single Dose of iAs

The metabolism of iAs was examined in 18- to 22-wk-old Hs/Hs
male (N =8) and female (N = 10) F2 offspring and their WT/WT
male (N=7) and female (N=11) littermates. The mice were
given a single dose of iAs (sodium arsenite, >99% pure; Sigma-
Aldrich) in deionized water (DIW) by gavage: 20 pg As/kg of
body weight. Immediately after dosing, each mouse was placed
in a metabolic cage (1 mouse/cage) and urine and feces were col-
lected in 24-h intervals for 3 d. During these 3 d, all mice drank
DIW ad libitum. The mice were fasted during the first 24 h but
had free access to purified laboratory diet (Envigo Teklad; Cat.
no. AIN-93G) during the second and the third days. Our pub-
lished data showed that iAs content in this type of diet ranges
from 10 to ~50 pg As/kg (Douillet et al. 2017; Huang et al.
2018; Murko et al. 2018). The 24-h urine and feces samples were
frozen in dry ice and stored at —80°C.

Evaluation of the Metabolism of iAs during Subchronic
Exposure

After collection of urine and feces following the single-dose
administration, the Hs/Hs and WT/WT mice were again caged
together (one litter per cage) and maintained on the purified diet
and DIW for 5 wk to allow for clearance of As from the body,
which was confirmed by measuring total As (tAs) levels in
urine (see the “Results” section for details). Both WT and
Hs/Hs mice (now 23- to 27-wk-old) were then exposed to iAs
(sodium arsenite, 99% pure; Sigma-Aldrich) in drinking water
(400 pg As/L) for 4 wk. Spot urine samples (~50to 100 pL)
were collected weekly. Body weights were recorded before and
after the exposure. After 4 wk, all mice were sacrificed by cer-
vical dislocation without anesthesia and tissues were collected,
including the liver, kidneys, pancreas, spleen, heart, lung, adre-
nals, kidneys, bladder, visceral fat, calf muscle, testes or ova-
ries, and cecum and colon. All tissues were flash-frozen in dry
ice and stored at —80°C.

Analysis of As Species in Urine, Feces, and Tissues

Speciation analysis of As was carried out in 24-h urines and feces
collected after the single dose of iAs and in spot urine samples
collected during subchronic iAs exposure. The speciation analy-
sis was also performed in livers and kidneys collected after sub-
chronic exposure at sacrifice. Ten percent homogenates of liver
and kidney were prepared in ice-cold DIW (10% wt/vol) using
Wheaton Potter-Elvehjem—style tissue grinders with a PTFE
pestle and Wheaton overhead stirrer apparatus (DWK Life
Sciences). Feces were snap frozen in liquid nitrogen and pulver-
ized to powder using a steel mortar and pestle placed in dry ice.
The powder was mixed with 2N ultrapure phosphoric acid 1:5
(Thermo Fisher) and digested in a MARSS5 microwave (CEM
Corp.) for 10 h at 90°C. This method eliminates the biological
matrix but does not alter As speciation (Currier et al. 2011).
The digestates were neutralized by sodium hydroxide (Sigma-
Aldrich) to pH 6. The urines, tissue homogenates, and neutral-
ized digestates were treated with 2% vL-cysteine (Sigma-
Aldrich) at room temperature for 1 h to reduce pentavalent As
species to their trivalent counterparts prior to the analysis
(Currier et al. 2011). The cysteine-treated samples were ana-
lyzed by hydride-generation atomic absorption spectrometry
coupled with a cryotrap (HG-CT-AAS), as previously described
(Currier et al. 2011; Hernidndez-Zavala et al. 2008). This analy-
sis determined the concentrations of iAs, MAs, and DMAs. tAs
concentration in urine, feces, and tissues was calculated as the
sum of iAs, MAs, and DMAs. For assessment of the efficiency
of iAs metabolism after a single oral dose, the amount of tAs
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was expressed as the percentage of the dose by comparing the
amount of elemental As administered as iAs to each mouse
with the amount of tAs in 24-h urine and feces samples col-
lected from that mouse.

The instrumental limits of detection (LOD) for iAs, MAs, and
DMAs using this method are 14, 8, and 20 pg As, respectively
(Hernandez-Zavala et al. 2008). An imputed value of 0 was used
for measurements below the LOD. HG-CT-AAS is also capable
of detecting and quantifying trimethylarsine oxide (TMAsO)
(Hernandez-Zavala et al. 2008), a product of iAs metabolism by
rat As3mt (Waters et al. 2004). However, because TMAsO is
rarely detected in human urine and because TMAsO was not a
product of iAs methylation by recombinant human AS3MT in
our published study (Ding et al. 2012), we did not include
TMASO analysis in this study.

Statistical Analysis

One-way analysis of variance with Student-Newman-Keuls or
Tukey’s multiple comparison post-test was used to assess differ-
ences in gene expression and in the concentrations and propor-
tions of As species among WT/WT and Hs/Hs mice. Student’s -
test was applied for comparison of mouse and human gene
expression in a single tissue of Hs/WT mice and for comparison
of As species concentrations or proportions between male and
female mice and between Hs/Hs and WT/WT mice of the same
sex. The statistical analyses were performed using Prism 8§ soft-
ware (GraphPad Software). Differences with p <0.05 were con-
sidered statistically significant.
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Results

Expression of BORCS7 and AS3MT in Hs/WT Mice

Expression of AS3MT and BORCS7 were directly compared with
those of endogenous mouse genes in tissues collected from F2
male Hs/WT mice that carried one copy of the mouse locus and
one copy of the human locus (Figure 2A) using both conventional
gqPCR and, when appropriate, ddPCR. Expression of human
AS3MT and BORCS7 was easily detected in all tissues expressing
the corresponding mouse genes, although the level of expression
of the human and mouse genes differed (Figure 2B,C). Notable in
this analysis was the species difference in expression of ASIMT/
As3mt in the liver and adrenal glands. This difference was exam-
ined in more detail in samples obtained from both female and
male animals (Figure 2D). The expression of AS3MT in the
mouse liver was significantly lower than that of the mouse ortho-
log in both males and females. In comparison, expression of
human AS3MT was significantly higher than mouse in the adrenal
gland. Robust expression of the mouse transcript was, however,
noted, with levels similar to that of the liver.

To further characterize the distribution of AS3MT/As3mt in
the adrenal gland, we examined expression of both genes sepa-
rately in medulla, which is a neuroendocrine tissue responsible
for catecholamine production, and cortex, which produces corti-
costerone, the major glucocorticoid in rodents, and aldosterone,
the major mineralocorticoid. Tissue specificity of RNA isolated
from each section of the adrenals was assessed by quantitative
analysis of mRNA species previously reported to be expressed
specifically in either the medulla (Chgb) or cortex (CyplIbl)
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Figure 2. Expression of the mouse and human BORCS7/AS3MT locus in tissues of heterozygotes carrying one human (Hs) and one wild-type (WT) allele: (A)
Breeding scheme used to ensure that all animals carry a single WT and Hs locus. Levels of (B) Borcs7/BORCS7 and (C) As3mt/AS3MT transcripts in tissues of
male and female mice determined by droplet digital PCR (ddPCR) (mean + SE, N =4; *p <0.05, p <0.005, and **p <0.001 by Student’s r-test for differen-
ces between expression of the human and mouse genes). (D) Expression of As3mt/AS3MT in the adrenal gland and liver of male and female mice determined
by ddPCR (mean+ SE, N =3 for males and N =4 for females; “p <0.05, *p<0.01, and *p <0.001 by ANOVA with Tukey’s post-test for differences
between expression of the human and mouse genes). (E) Expression of AS3MT in cortex and medulla enriched adrenal tissues by quantitative PCR; the enrich-
ment was quantitated by expression of the medulla- and cortex- specific genes, Chgb and Cypl1bl, respectively (medulla and cortex were pooled samples
from four mice); (F) Pearson’s correlation between expression of AS3MT and BORCS7 (r=0.277, p=0.471), and As3mt and Borcs7 (r= —229, p=0.553) in
ES cells and tissues shown in (B) and (C). All tissues were harvested from 8- to 12-wk-old mice. Note: ANOVA, analysis of variance; ddPCR, droplet digital
polymerase chain reaction; ES, embryonic stem; PCR, polymerase chain reaction; SE, standard error.
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Figure 3. Expression of AS3MT and the AS3MT?% variant in tissues of heterozygotes carrying one human (Hs) and one wild-type (WT) allele: (A) Relative
expression of the full-length AS3MT in regions of brain as compared with the whole brain (mean+SE, N =4; *p <0.01 by ANOVA with Tukey’s post-test
for comparison of cerebellum with other brain regions). (B) Relative expression of the full-length AS3MT and AS3MT?% in tissues with focus on brain and
brain regions and cells. The brain tissues were harvested from 8- to 12-wk-old mice, neurons were obtained from E17 embryos, and glial cells from P1 pups.
Note: ANOVA, analysis of variance; E, embryonic day; P, postnatal day; SE, standard error.

(The Human Protein Atlas 2020). We found that mouse As3mt
and human AS3MT were expressed in both sections of the adrenal

gland (Figure 2E).

We also used Pearson correlation analysis to evaluate the
association between expression of the mouse As3mt and Borcs7,
as well as the human AS3MT and BORCS7, in ES cells and the
tissues of Hs/WT mice, as shown in Figure 2B,C. In spite of the
tight linkage, we did not find statistically significant correlation
between either the mouse genes (r= — 229, p=0.553) or human

genes (r=0.277, p=0.471) (Figure 2F).

To verify that the use of heterozygous animals for expression
analysis was appropriate, and specifically to exclude the possibil-
ity that expression of the human locus was influenced by the pres-
ence of the mouse locus or vice versa, we compared AS3MT and
As3mt expression in the adrenals and liver of mice homozygous
and heterozygous for each gene (see Figure S1). As expected,

OHs/HsM ®WT/WTM ®&Hs/HsF & WT/WTF

tAs in Urine (% of dose)

0-24 h

Collection interval

Figure 4. Total arsenic (tAs) in urine of humanized (Hs/Hs) and wild-type
(WT/WT) male (M) and female (F) mice during 72 h after oral administra-
tion of a single dose of inorganic arsenic (20 pg As/kgbody weight). Urine
was collected in 24-h intervals. tAs was calculated as the sum of inorganic
arsenic, methyl-arsenic, and dimethyl-arsenic and was expressed as a per-
centage of the dose (mean+ SE; N =8 for Hs/Hs males, N =10 for Hs/Hs
females, N=7 for WT/WT males, and N=11 for WI/WT females). MAs
concentrations were below the LOD in 52 of 54 urine samples collected
from WT/WT mice during the three collection intervals; a value of
0 pg As/L was imputed for MAs concentrations in these samples. In each
collection interval, values marked with different letters are significantly dif-
ferent (p <0.05) by ANOVA with Student-Newman-Keuls post-test. Note:
ANOVA, analysis of variance; LOD, limit of detection; MAs, methyl-ar-

senic; SE, standard error.
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expression levels in the heterozygotes were lower by ~50% as
compared with homozygotes.

Because the levels of AS3MT expression in the brain
approached those observed in the liver, we used qPCR analysis to
determine whether this reflected a generalized expression through-
out the brain or whether expression was localized to a particular
region. Figure 3 shows that the highest levels of expression were
observed in the brain stem.

Expression of the AS3MT%% Isoform in the
Humanized Mice

We next determined whether the information and enzymatic ma-
chinery for direct expression of the schizophrenia associated
AS3MT splice variant (AS3MT?%) was present in this humanized
model and, if so, whether the tissue distribution of the variant
transcript would mimic that observed in humans. To accomplish
this, PCR primers specific for this variant were designed (see
Table S2), and expression of the common and variant transcripts
was determined by qPCR analysis. The percentage of total tran-
script contributed by the variant was determined. Similar to
reports for human tissue, the AS3MT %% variant represented over
5% of the total AS3MT transcript of the brain, with the contribu-
tion varying slightly between regions. In contrast, the variant rep-
resented a very small percentage of the transcript present in non—
central nervous tissue, such as the adrenal gland and liver.
(Figure 3A,B). To examine this further, RNA was isolated from
neuronal cultures prepared from E17 embryos and from glial cell
culture prepared from P1 newborn brains. AS3MT expression was
observed in both (Figure 3B).

Expression of the BORCS7/AS3MT Read-through
Transcripts

We also analyzed the liver, adrenals, and testes from one male
Hs/Hs mouse for expression of the previously reported human-
specific read-through transcript composed of exons from both the
BORCS7 and AS3MT genes (Lu et al. 2015; Pierce et al. 2012;
Prakash et al. 2010; Ripke et al. 2013; Schizophrenia Working
Group of the Psychiatric Genomics Consortium 2014). Testes
were included in this analysis because they express relatively
high levels of BORCS7 (Figure 2B), and expression of the
BORCS7/AS3MT read-through variant is driven by the BORCS7
promoter given that BORCS?7 is located 5’ of AS3MT (Li et al.
2016). We found this variant to be expressed in all three tissues
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(see Figure S2A). To verify the identity and structure of the tran-
script, 100ng of cDNA from testes of WT/WT, Hs/WT, and Hs/
Hs mice (1 mouse per genotype) were PCR amplified and
resolved on a 1.6% agarose gel. As expected, a 100-bp fragment
was observed, consistent with the previously described read-
through transcript (see Figure S2B). However, an additional
product was found of about 220bp. To establish the identity of
this product, the 220-bp DNA band was excised from the gel and
subjected to Sanger sequence analysis. We found that in this tran-
script, the exon shared with the penultimate exon of the lower
two BORCS7 isoforms spliced to a cryptic splice acceptor site
located 21 bp downstream of the position corresponding to the
transcription start site of the AS3MT gene (see Figure S2C). The
BORCS?7 stop codon was present in both the previously reported
and this novel read-through transcript, thus preventing the
AS3MT coding sequence in these transcripts from being trans-
lated and, presumably, rendering them susceptible to nonsense-
mediated decay.

Metabolism of a Single Oral Dose of iAs in Hs/Hs
and WT/WT Mice

The concentrations of iAs and its metabolites were measured in
urine and feces of F2 male and female Hs/Hs mice and their
WT/WT littermates in three 24-h intervals during 72 h after a single
oral dose of iAs (20 pg As/kg of body weight). The concentrations
of iAs and DMAs were above the LOD in all urine samples
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collected from the Hs/Hs and WT/WT mice; MAs concentrations
were above the LOD in urines of Hs/Hs mice but below the LOD in
most urines (52 of 54 samples) collected from WT/WT mice
regardless of sex. In feces, DM As concentrations were below the
LOD in 48 of 54 samples collected from male and female Hs/Hs
mice.

Urinary excretion of As. During the first 24 h, WT/WT
mice excreted significantly greater amounts of total As
(tAs = iAs+ MAs+ DMAs) in urine than their Hs/Hs counter-
parts (Figure 4). On average, WT/WT males and females excreted
34.9% and 60.7% of the administered dose, respectively, as com-
pared with 8.2% excreted by Hs/Hs males and 16.5% by Hs/Hs
females. For Hs/Hs and WT/WT mice, tAs amounts excreted
between 24 and 48 h or between 48 and 72 h did not differ signifi-
cantly. Overall, WT/WT males and females respectively excreted
47.7% and 75.9% of the dose in urine during 72 h postdosing.
Hs/Hs males and females excreted only 21.4% and 34.8%, respec-
tively, in urine during this interval. Differences between sexes for
each genotype were not statistically significant when the test
accounted for multiple comparisons. However, sex differences
within genotype were statistically significant when the #-test was
used to compare WT/WT males and females (p =0.027) and Hs/Hs
males and females (p < 0.0001). Percentages of urinary tAs repre-
sented by iAs (%iAs), MAs (%MAs), and DMAs (%DMAs) also
differed by genotype (Figure 5). DMAs was the major urinary
metabolite in WT/WT mice (>98% of tAs) but represented only
40-52% and 37-61% of urinary tAs for Hs/Hs males and females,
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Figure 5. Proportions of total arsenic (%tAs) represented by inorganic arsenic (iAs), methyl-arsenic (MAs), and dimethyl-arsenic (DMAS) in the urine of
humanized (Hs/Hs) and wild-type (WT/WT) male (M) and female (F) mice collected during 24-h intervals after oral administration of a single dose of iAs
(20 png As/kgbody weight). (A) male Hs/Hs; (B) male WT/WT; (C) female Hs/Hs; and (D) female WT/WT. Mean + SD; N =8 for Hs/Hs males, N =10 for
Hs/Hs females, N =7 for WT/WT males, and N =11 for WT/WT females. MAs concentrations were below the LOD in 52 of 54 urine samples collected from
WT/WT mice during the three collection intervals; a value of 0 pg As/L was imputed for MAs concentrations in these samples. For each of the metabolites,
statistically significant differences in %tAs values between the collection intervals are marked with different letters: a, b, ¢ for differences in %iAs; d, e, f for
differences in %MAs; and g, h, i for differences in %DMAs. (ANOVA with Student-Newman-Keuls post-test.) The absence of marking indicates the lack of
significant differences between the collection intervals. Note: ANOVA, analysis of variance; LOD, limit of detection; SD, standard deviation; %DMAs, per-
centage DMAs; %MAs, percentage MAs.
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respectively. During the 72-h collection, urinary %DMAs increased
significantly and %iAs decreased for Hs/Hs mice. By contrast, uri-
nary %DMAs and %iAs were little changed for WT/WT mice.
30 Notably, MAs accounted for 4-16% of urinary tAs for Hs/Hs mice
but was not detected in the urine of WT/WT mice.
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35

T 25 . . . . .
8 Urinary concentrations and proportions of As metabolites dif-
5 20 a fered significantly between HS/HS males and females. Urinary
& s concentrations of iAs and MAs were higher in males than in
4 1 females in the 48-72 h collection interval (see Figure S3).
E 10 I Similarly, urinary %iAs and %MAs were higher in males between
2 . @ 24 and 48 h and between 48 and 72 h, respectively (see Figure
=5 a1 b b S4). No sex-related differences were found among WT/WT mice.
0 &ﬁ@ﬁ n _, ﬁg Fecal excretion of As. Compared with urine, very little tAs (2—

3% of the dose) was excreted in feces of either WT/WT or Hs/Hs
mice during the first 24 h after gavage (Figure 6). Between 24 and
Figure 6. Total arsenic (tAs) in feces of humanized (Hs/Hs) and wild-type ilg ﬂl-ll P Os.tdoks)lrigé.gecai .tAS mcrgase\:s]]zj)wl%—l.?a% Bf t.he (til(l) S% f(t)r
(WT/WT) male (M) and female (F) mice during 72 h after oral administration of STHS mlce. ut di .no Increase Or, mice. Vuring the Y- o
a single dose of inorganic arsenic (20 pg As/kg body weight). Feces were col- 72-h ?OHCCUOD per;od, fecal excretl_on accountf;d for ~5% of the
lected in 24-h intervals. tAs was calculated as the sum of inorganic arsenic, dose in WI/WT mice and 19-21% in Hs/Hs mice. For both geno-
methyl-arsenic, and dimethyl-arsenic, and was expressed as the percentage of the types, iAs was the major metabolite, accounting for up to 46% of
dose (mean +SD; V=8 for Hs/Hs males, N'= 10 for Hs/Hs females, N=7for  fecal tAs for Hs/Hs mice and up to 99% of fecal tAs for WT/WT
WT/WT males, and N=11 for WI/WT females). DMAs concentrations were mice (Figure 7). However, although fecal %iAs decreased over time

below the LOD in 48 of 54 fecal samples collected during the three collection . . . .
intervals from male and female Hs/Hs mice; a value of 0 pg As/kg was imputed for Hs/Hs mice, fecal %iAs increased or remained unchanged for

0-24h 24-48 h 48-72 h 0-72h
Collection interval

for DMAs concentrations in these samples. In each collection interval, values WT/WT mice. MAs was a major metabolite in feces of Hs/Hs mice,
marked with different letters are significantly different (p <0.05) by ANOVA reaching 54-56% of fecal tAs between 48 and 72 h after gavage. In
with Student-Newman-Keuls post-test. Note: ANOVA, analysis of variance; contrast, DMAs was a minor metabolite (0-3% of tAs). Only traces
DMAss, dimethyl-arsenic; LOD, limit of detection; SD, standard deviation. of MAs were detected in feces of WT/WT mice, and DMAs repre-

sented up to 24% of fecal tAs. There were no statistically significant
sex-related differences in concentrations of iAs, MAs, or DMAs
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Figure 7. Proportions of total As (%tAs) represented by inorganic arsenic (iAs), methyl-arsenic (MAs) and dimethyl-arsenic (DMAs) in feces of humanized
(Hs/Hs) and wild-type (WT/WT) male (M) and female (F) mice collected during 24-h intervals after oral administration of a single dose of iAs (20 pg As/kg body
weight): (A) male Hs/Hs; (B) male WT/WT; (C) female Hs/Hs; and (D) female WT/WT. Mean + SD, N = 8 for Hs/Hs males, N = 10 for Hs/Hs females, N =7 for
WT/WT males, and N = 11 for WT/WT females. DMAs concentrations were below the LOD in 48 of 54 fecal samples collected during the three collection intervals
from male and female Hs/Hs mice; a value of 0 pg As/kg was imputed for DMAs concentrations in these samples. For each of the metabolites, statistically signifi-
cant changes in %tAs values between the collection intervals are marked with different letters: a, b, ¢ for differences in %iAs; d, e, f for differences in %MAs; and g, h
for differences in %4DMAs. (ANOVA with Student-Newman-Keuls post-test.) The absence of marking indicates the lack of significant differences between the col-
lection intervals. Note: ANOV A, analysis of variance; LOD, limit of detection; #DMAs, percentage DM As; %MAs, percentage MAs.
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either among Hs/Hs or WT/WT mice (see Figure S5). However, sig-
nificant sex-related differences were found in the proportions of As
metabolites. Feces of WT/WT males collected during the 48- to
72-h interval had lower %iAs and higher %#DMAs than did feces of
WT females. During the 24- to 48-h collection, feces of Hs/Hs males
had lower %MAs than did feces of Hs/Hs females (see Figure S6).

Disposition of As in Urine and Tissues of Hs/Hs and WT/WT
Mice During Subchronic Exposure to iAs

After completion of the experiments examining metabolism of
the single oral dose of iAs, the F2 Hs/Hs and WT/WT mice were
caged together (one litter per cage) and maintained on the puri-
fied diet and DIW for 5 wk to allow for clearance of iAs from the
body. After this time, the concentrations of total As in urine of
Hs/Hs and WT/WT mice ranged from 4 to 19 pg As/L, that is,
the levels that are typical for urine of unexposed mice (Douillet
et al. 2017; Drobn4 et al. 2009). These mice were then exposed
to iAs in drinking water (400 pg As/L as arsenite) for 4 wk. The
numbers of mice per genotype and treatment groups were the
same as those specified for the single-dose experiment. Spot urine
samples were collected weekly. Body weights were assessed
before and after the exposure, before sacrifice. Tissues were har-
vested during sacrifice at the end of Week 4.

There were no statistically significant differences in body
weights of WT/WT and H/Hs males, 39.6 +4.3 gvs. 402+7.7 g
(mean + standard deviation), or females, 29.8 +5.3 vs. 26.4 +4.7,
prior to subchronic exposure to iAs. Similarly, no significant differ-
ences in body weights of WT/WT and Hs/Hs mice were found after
the exposure: 35.3 +4.2 vs. 38.4 + 7.8 for males, and 30.2+5.0
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vs. 26.5 +4.3 for females. No differences in weight gains were
found between the WT/WT and Hs/Hs mice of the same sex.

The concentrations of iAs and its metabolites were measured
in the spot urine samples and in liver and kidneys. iAs and
DMAs were detected in all urine samples. MAs levels were
below the LOD in 70 of 72 urine samples collected from WT/WT
mice. DMAs levels were below the LOD in 16 of 18 liver sam-
ples collected from Hs/Hs mice. In the kidneys, all As species
were above the LOD.

Arsenic metabolites in urine. After the first week of the expo-
sure, the concentrations of tAs in urine of Hs/Hs male and female
mice were significantly lower than in urine of their WT/WT coun-
terparts (Figure 8). Although this trend persisted during the next
3 wk, only differences between WT/WT and Hs/Hs males
remained statistically significant. Urinary tAs concentrations in
male and female mice of either genotype were not significantly dif-
ferent. Striking differences were found between Hs/Hs and
WT/WT mice in proportions of As metabolites. These differences
were consistent throughout the 4-wk exposure interval (Figure 9,
Figure S7). In the urine of WT/WT mice, DMAs accounted for
>97% of tAs; only traces of iAs were found and MAs was not
detected at any time point (Figure 9B,D). The Hs/Hs genotype had
striking effects on proportions of As species in urine. Here, DMAs
accounted for only 48-55% of urinary tAs and iAs and MAs
accounted for 35-47% and for 5-11% of urinary tAs, respectively.
In the urine of Hs/Hs males and females, %iAs decreased and %
DMAs increased between Week 1 and Week 4 (Figure 9A,C);
however, these changes were not statistically significant. For either
genotype, percentages of As metabolites in the urine did not differ
significantly between males and females except for Week 4, when
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urinary %MAs of Hs/Hs males (11%) was significantly greater
than in the urine of Hs/Hs females (6%) (see Figure S7).

Arsenic metabolites in liver and kidneys. Differences between
Hs/Hs and WT/WT mice in concentrations and proportions of iAs
and its metabolites in the liver and kidneys (Figure 10) reflected
those found in the urine. tAs concentrations were significantly
higher in livers and kidneys of Hs/Hs mice than in livers and kid-
neys of WT/WT mice (Figure 10A,B). In addition, tAs, iAs, and
MAs concentrations tended to be higher in the organs of Hs/Hs
females as compared with Hs/Hs males (see Figure S8).
Proportions of As metabolites also differed between genotypes and
were influenced by sex. In WI/WT mice, DMAs was the major
metabolite, accounting for >90% of tAs in the livers and >74% in
kidneys (Figure 10B,D). %ZDMAs was significantly higher in the
livers and kidneys of WT/WT males than females and %iAs and
%MAs tended to be lower. In contrast, only traces of DMAs were
found in the livers of male and female Hs/Hs mice; iAs accounted
for >80% and MAs for >15% of tAs, respectively, in this organ.
In kidneys of Hs/Hs mice, %iAs and %MAs accounted for similar
proportions of tAs. Average %iAs was significantly higher and
%MAs was lower in the kidneys of females as compared with
males: 52% vs. 41% iAs and 45% vs. 55% MA:s.

Comparison of as Disposition in Hs/Hs and WT/WT Mice
and in Humans

Concentrations of tAs in livers and kidneys of mice exposed for
4 wk to 400 pg As/L in this study were compared with tAs concen-
trations predicted for human tissues by a physiologically based phar-
macokinetic (PBPK) model (El-Masri and Kenyon 2008). This
model consisted of interconnected individual PBPK submodels for
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iAs, MAs, and DMAs. Each submodel was constructed using flow-
limited compartments describing the mass balance of the chemicals
in the gastrointestinal tract (lumen and tissue), lung, liver, kidney,
muscle, skin, heart, and brain. Levels of tAs were obtained by add-
ing the overall model-predicted concentrations of As, MMA, and
DMA in tissues, assuming chronic exposure to 400 pg As/L and
water consumption rate of 2 L/d. This model predicted tAs concen-
trations to reach 118.5 and 50.5 pg As/kg in human livers and kid-
neys, respectively. These values are similar to tAs concentrations
found in the livers and kidneys of Hs/Hs mice but are an order of
magnitude higher than tAs concentrations in the livers and kidneys
of WT/WT mice (Table 1).

Discussion

Earlier studies reported significant differences in iAs metabolism
between mice and humans. In humans chronically exposed
to iAs, DMAs is the major urinary metabolite, but both MAs and
iAs account for substantial fractions of urinary tAs. For example,
in a U.S. population chronically exposed to iAs in drinking water,
iAs and MAs accounted for 4.4-37.9% and 5.9-29.3% of urinary
tAs, respectively, and DMAs accounted for 47.4-86.0% of tAs
(Hudgens et al. 2016). Similar proportions of urinary As metabo-
lites have been reported in other iAs-exposed populations
(Vahter 1999, 2000). In contrast, in the urine of WT C57BL/6
mice (Douillet et al. 2017; Huang et al. 2018) and mice from 12
Collaborative Cross strains (Styblo et al. 2019) exposed to iAs in
drinking water (0.1, 1, or 50 mg As/L), 95-99% of tAs was pres-
ent as DMAs, whereas MAs accounted for a very small fraction
of tAs at or near the limits of detection and quantification. Thus,
the conversion of iAs to DMAs is more efficient in mice as
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detection; SE, standard error.

compared with humans (Vahter 1999, 2000). Consequently, mice
given a single dose of iAs excrete ~90% of the dose in 48 h,
whereas the biological half-time of iAs in humans is ~4d
(Vahter 1999). Similarly, chronic exposures to iAs would result
in a lower body burden in mice as compared with humans. We
have previously shown that tAs concentrations in the livers of
mice exposed chronically to 50 mg As/L of drinking water were
in the range of tAs concentrations reported in the livers of
humans chronically exposed to only 0.2-2 mg As/L in drinking
water (Mazumder 2005; Paul et al. 2007). Because of the higher
efficiency of iAs methylation and lower body burden, mice are
less susceptible than humans to the adverse effects of iAs expo-
sure. The goal of the present study was to generate a mouse strain

Table 1. Total arsenic levels (pug/kg) in livers and kidneys of humans and of
the humanized (Hs/Hs) and wild-type (WT/WT) male and female mice
exposed to 400 pug As/L in drinking water.

) Hs/Hs Mice” WT/WT Mice”
Tissue
Tissue Humans“ Males Females Males Females
Livers 118.5 92+32.4 175+92.6 52+3.8 39+3.8
Kidneys 50.2 89+29.1 141 +103.8 13+7.2 8+44

“Steady-state total arsenic levels calculated using the human physiologically based phar-
macokinetic model for inorganic arsenic, assuming consumption of 2 L of water/d (El-
Masri and Kenyon 2008).

bTotal arsenic levels determined in the present study (N = 8 for Hs/Hs males, N = 10 for
Hs/Hs females, N =7 for WT/WT males, and N =11 for WT/WT females).
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in which iAs metabolism would resemble that in humans and in
which the effects of iAs could be studied at the environmentally
relevant exposure levels.

The mouse and human AS3MT share only ~ 75% of primary
structure (Drobna et al. 2009), which alone could explain the differ-
ences between mice and humans in the efficiency of iAs metabo-
lism. Because AS3MT is the key enzyme in the pathway for iAs
methylation, we hypothesized that replacing the mouse As3mt gene
with its human ortholog would confer a human-like pattern of iAs
metabolism in the mouse. The mice we have generated have a single
copy of human DNA replacing the syntenic segment of mouse
DNA, with the transition between the DNA of the two species
known to the base pair. Homozygous humanized mice can be bred
without the need to frequently track the humanized locus. The
neighboring genes are defined and not altered by the recombination
event, and, because there is a single copy of the human DNA, intra-
geneic recombination events do not occur. The vector sequences
used in the genetic manipulations are removed, and the only
evidence of the engineering is a mutant loxP site. This approach cir-
cumvents problems that are typically associated with the introduc-
tion of a human gene as a transgene, such as variable copy number,
instability of transgene copy number, impact of transgene expres-
sion on neighboring endogenous genes, inclusion of genes in the
transgenic BAC, and complex breeding schemes, when a study
requires the absence of an endogenous mouse gene (Chandler et al.
2007; Cheng et al. 2011; Mukai et al. 2006; Yueh et al. 2011).
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We included Borcs7 in our humanization scheme because the
promoter of AS3MT abuts the 3" untranslated region of BORC7,
and the weak correlation in the expression pattern of these two
genes (Li et al. 2016) suggests possible shared transcriptional
regulatory elements. Although we were unable to observe this
weak correlation in expression between the two genes, we were
able to detect the read-through BORCS7/AS3MT transcript lack-
ing the final exon of BORCS7 and the initial exon of AS3MT
listed on the UCSC Genome Browser (UCSC 2013). The inclu-
sion of BORCS?7 in the humanized region increases the likelihood
that the elements directing the species differences in the expres-
sion of AS3MT are included in the humanized region. The mouse
Borcs7 is a subunit of an eight-protein complex known as BORC,
which has been shown to be essential for centrifugal transport of
lysosomes given that loss of its function results in the centripetal
collapse of lysosomes as well as reduction in cell spreading and
migration (Pu et al. 2015). Because of the high degree of conser-
vation between Borcs7 and its human ortholog, the human pro-
tein is likely to compensate for the loss of the endogenous mouse
protein in the Hs/Hs mice.

We chose to humanize mice from the 12956 strain because of
the genetic stability of the ES cells from this strain, the lower
cost of growth of 129 ES lines compared with lines from other
strains, and because of a high rate of homologous recombination.
The 129S6 subline breeds well, with an average litter size of
seven pups. In addition, should it be required for future studies,
ES lines can be generated from the blastocysts of the humanized
mice, quickly and at low cost, compared with other strains. Such
a line would be an ideal starting point for modification of addi-
tional loci that might be identified as relevant to iAs metabolism
or diseases related to iAs exposure.

The results of the present study are consistent with our work-
ing hypothesis. Humanizing the As3mt/Borcs7 locus changed
profoundly both the patterns of AS3MT expression and iAs me-
tabolism. The mouse As3mt was highly expressed in multiple tis-
sues, including the liver, heart, adrenals, testes, and ovaries. In
contrast, the human AS3MT was expressed primarily in the adre-
nals. AS3MT expression in the adrenals exceeded by an order of
magnitude the expression in any of the other tissues examined. In
the liver, the expression of AS3MT was significantly lower than
the expression of As3mt, suggesting lower capacity of the human-
ized mice to metabolize iAs. Indeed, our studies demonstrated
that the metabolism of iAs in Hs/Hs mice was slower and tissue
retention higher than in WT/WT mice. The distribution of As
metabolites in urine of Hs/Hs mice, with major fractions of tAs
found in the forms of iAs and MAs, was also consistent with a
lower capacity for methylation of iAs and resembled patterns of
iAs metabolism reported in human studies. Overall, the expres-
sion of human AS3MT in Hs/Hs mice promoted tissue retention
of iAs and MAs. Because the trivalent form of MAs (MAs™) is
the most toxic metabolite formed in the pathway for iAs methyla-
tion (Vahter and Concha 2001), we expect Hs/Hs mice to be
more susceptible to iAs toxicity than WT/WT mice. However, no
obvious signs of toxicity (e.g., severe weight loss or gross pathol-
ogy in tissues) were observed in either male of female Hs/Hs
mice exposed to 400 ppb As for 4 wk in the present study.

The urine is thought to be the main route for excretion of the
metabolites of iAs (ATSDR 2007). Little is known about As
excretion and speciation in feces. In humanized Hs/Hs mice, fecal
excretion appeared to partially compensate for the inefficient uri-
nary excretion. Hs/Hs mice excreted a larger fraction of the dose
of iAs in feces than did WT mice. iAs and MAs accounted for
most of tAs in feces of Hs/Hs mice, whereas iAs was the predomi-
nant As species in feces of WT/WT mice. For both strains, DMAs
was a minor contributor to fecal As. The source of fecal As is iAs
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that was not absorbed in the gastrointestinal tract and arsenicals
produced from iAs by intestinal microflora, as well as absorbed As
that is excreted in bile. Given the time frame of sample collection
in this study and the short (<7 h) gastrointestinal transit time in
mice (Padmanabhan et al. 2013), most fecal As was likely derived
from biliary clearance. In mice treated with iAs, MAs (as MAsm)
has been shown to be the predominant form of As in bile
(Csanaky and Gregus 2002). Our results suggest that the human-
ized AS3MT genotype that favored MAs production is associated
with increased biliary excretion of this metabolite.

Laboratory studies using mice showed that gut bacteria can
metabolize iAs to its methylated metabolites and thus affect the
speciation of As in feces (Lu et al. 2014b) as well as iAs toxicity
(Coryell et al. 2018). Exposure to iAs has also been shown to
modify the gut microbiome (Lu et al. 2014a). We cannot at this
time rule out that humanization of the Borcs7/As3mt locus or the
changes in iAs metabolism associated with the humanization of
this locus resulted in modification of gut microbiome in Hs/Hs
mice and thus contributed to the differences between WI/WT
and Hs/Hs mice in the distribution of As species in feces.

Results of population studies have suggested that women are
more efficient than men in metabolizing iAs (Lindberg et al.
2007, 2008a, 2008b). This suggestion has been based entirely on
the fact that %#DMAs in the urine of women exposed to iAs is
somewhat higher than in the urine of men. Our results show that
sex played a significant role in the metabolism of iAs in Hs/Hs
mice. Female mice excreted a greater fraction of the single iAs
dose in urine than did male mice. After subchronic exposure to
iAs in drinking water, livers of female mice contained higher
concentrations of tAs than livers of male mice, although no dif-
ferences were found in tAs concentration in urine collected
before sacrifice. In kidneys, %MAs was significantly higher in
males as compared with females. No statistically significant dif-
ferences between Hs/Hs males and females were found in %
DMAs in urine after the single dose of iAs or after iAs exposure
in drinking water. However, %MAs was higher in the urine of
males as compared with females. Although these results suggest
a role of sex in iAs metabolism in the Hs/Hs mice, the implica-
tion for the overall capacity of males vs. females to metabolize
iAs remains unclear. The use of a single dose of iAs in the acute
and single iAs concentration in the subchronic studies represents
a major limitation. To properly characterize the role of sex in iAs
metabolism by Hs/Hs mice, multiple doses and concentrations of
iAs will have to be used in future studies.

Genome-wide association studies have linked SNPs in the
genomic region spanning the AS3MT/BORCS7 locus to risk of
schizophrenia. One study has shown that the schizophrenia risk al-
leles are associated with an increased expression of BORCS7 and of
a previously uncharacterized AS3MT isoform (AS3MT %), which
is more abundant in individuals with schizophrenia than in controls
(Duarte et al. 2016; Li et al. 2016). Expression of this isoform, which
reportedly lacks iAs methyltransferase activity (Li et al. 2016), was
found to be associated with a polymorphism in variable number tan-
dem repeat in the first exon of AS3MT (Li et al. 2016). Expression of
AS3MT¥4 was also reported to be about 2-fold higher in the brain
than in somatic tissues (Li et al. 2016). Here we show that Hs/Hs
mice express AS3MT%% in multiple tissues, with the highest ratio
of AS3MT?% to the full-length AS3MT in neural tissues, including
brain and spinal cord. Thus, Hs/Hs mice may represent a novel
model to study schizophrenia in laboratory settings.

Conclusions

We have created a humanized mouse strain in which AS3MT expres-
sion and iAs metabolism resemble those described in humans. The
rate and patterns of iAs metabolism indicate that this strain will be
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more sensitive to adverse effects of iAs exposure than are existing
mouse strains. Notably, the human-specific ASIMT%B isoform,
which has been linked to risk of schizophrenia in clinical studies, is
highly expressed in the brain of Hs/Hs mice. The human AS3MT
and BORCS7 genes incorporated into the Hs/Hs genome by syntenic
replacement can be modified in future studies using CRISPR/cas9
to introduce SNPs associated with altered iAs metabolism or
AS3MT% expression. Thus, the Hs/Hs mouse strain represents a
novel and promising model for laboratory studies in the field of iAs
toxicology as well as for studies exploring mechanisms underlying
the development of schizophrenia.
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